




NBSIR 82-2473 

ENTRAINMENT A N D  HEAT FLUX OF 
BUOYANT DIFFUSION FLAMES 

6. J. McCaf f rey  and  G. Cox 

U.S. DEPARTMENT OF COMMERCE 
Nat iona l  Bu reau  of S tandards  
Wash ing ton ,  DC 20234 

February 1982 

Final Report 

U.S. DEPARTMENT OF COMMERCE, Malcolm Baldrige, Secretary 
NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director 





TABLE OF CONTENTS 

Page 

ListofFigures . . . . . . . . . . . . . . . . . . . . . . . . .  iv 

ListofTables . . . . . . . . . . . . . . . . . . . . . . . . .  iv 

. . . . . . . . . . . . . . . . . . . . . . . . . .  V Nomenclature 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 Abstract 

1 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . .  
3 

9 

2. Analysis . . . . . . . . . . . . . . . . . . . . . . . . . .  
2.2 Radiative Power Output . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

2.3 Non-Dissipative Plume . . . . . . . . . . . . . . . . .  12 

2.1 Data 

3. Results . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

4 .  Summary and Conclusion . . . . . . . . . . . . . . . . . . . .  19 

5. Acknowledgments . . . . . . . . . . . . . . . . . . . . . . .  19 

6. References . . . . . . . . . . . . . . . . . . . . . . . . .  20 

Appendix A. Turbulent Transport . . . . . . . . . . . . . . . .  22 

iii 



Figure  1. 

Figure  2. 

F igure  3.  

Figure  4.  

Figure  5. 

LIST OF FIGURES 

rh(AT/To) p l o t t e d  a g a i n s t  AT/To f o r  va r ious  h . 
The r a d i a t i v e  f r a c t i o n ,  x, as a func t ion  of t h e  
t o t a l  hea t  release rate . . . . . . . . . . . .  
The r a d i a l  parameters (a, 6) as a func t ion  of X 

Temperature and v e l o c i t y  p r o f i l e  d a t a  a t  va r ious  
d i s t a n c e s  above t h e  burner  . . . . . . . . . . .  
Calcula ted  mass and energy f luxes  as a func t ion  of 
he igh t  . . . . . . . . . . . . . . . . . . . . . .  

Page 

25 

26 

27 

28 

29 

LIST OF TABLES 

Page 

Table 1. Comparison of f i r e  p r o p e r t i e s  determined from two 
8 t e c h n i q u e s .  . . . . . . . . . . . . . . . . . . . . .  

i v  



NOMENCLATURE 

A 

B 

C 
P 

e 

M 

n 

Q 

T 

AT 

V 

X 

Z 

2' 

centerline velocity correlation parameter (Table I) 

centerline temperature rise correlation parameter (Table I) 

specific heat of gases 

combustion efficiency 

source buoyancy parameter defined after eq. (10) 

gravitational constant 

convective heat flux defined by eq. (2) 

flame length, z'  = 0.2 m kW- 

mass flow rate defined by eq. (1) 

2/5 

constant defined after eq. ( 1 4 )  

power of centerline V and AT correlations 

heat release rate of fire 

temperature 

temperature rise above ambient, T-To 

vertical gas velocity 

radial or transverse coordinate 

vertical o r  axial coordinate 

scaled axial coordinate = z / Q  2 / 5  

a,B parameters used for width of velocity profile eq. (11) 

a e 

TX 

normal entrainment coefficient 

density deficit defined by eqs. ( 3 )  and ( 4 )  

parameter defined after eq. (12) x K 

x ratio of widths of temperature rise and velocity profiles 

P gas density 

V 



CT 

X 

l/e of centerline value 

radiative fraction 

P 

RAD 

T 

TOT 

V 

Subscripts 

m mean temperature (appendix) 

0 ambient conditions 

plume region 

radiative component 

temperature 

total or nominal 

velocity 

Superscripts 

1 fluctuating component 

- 

N 

time-averaged value 

non-dimensional centerline temperature rise and velocity 
parameters defined by eqs. (9) and (10) 

vi 



Entrainment and Heat Flux of Buoyant Diffusion Flames 

B. J. McCaffrey and G. Cox 
* 

National Bureau of Standards 
Washington, D. C. 20234 

Measurements of the vertical component of velocity in 

buoyant diffusion flames from extended sources by both cross- 

correlation [ 11' and pressure probe techniques [ 21 incorpo- 
rating time-average signal processing appear to overestimate 

the transverse size of these systems based on a heat balance 
using measured mean flux. By utilizing measurements of the 

radiative fraction of the flames, and forcing a mean flux 

heat balance, estimates of the transverse variation of 

velocity are obtained and expressions for flame entrainment 

and convective heat flux are determined. The use of mean 
values is seen to lead to both overestimates as well as 

underestimates of total flux due to turbulent transport. 

Key words: buoyancy; cross-correlation; diffusion flames; 

entrainment; heat flux; radiation; turbulence. 

1. Introduction 

Mathematical modeling of fire is being approached by two main 
techniques. Field models attempt to solve the partial differential 

equation describing the fluid motion throughout the flow field [ 3 ]  while 

zone models attempt the less ambitious task of solving ordinary differ- 
ential equations within identifiable flow regimes, e.g., near walls, 

near ceilings, within the plume, etc. [ 4 ,  51. 

* 
Fire Research Station, Borehamwood, England. 

'Numbers in brackets indicate the literature references at the end of 
the paper. 
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The zonal approach is  c l o s e r  t o  immediate a p p l i c a t i o n  but  f i e l d  

models should, i n  t h e  long term g ive  more genera l  and d e t a i l e d  predic-  

t i ons .  It is  now p o s s i b l e  wi th  zone models t o  make p r e d i c t i o n s  of t h e  

outcome of a f i r e  i n  a s i n g l e  compartment given informat ion about t h e  

geometry of t h e  room, p r o p e r t i e s  of t h e  w a l l  material, t h e  n a t u r e  and 

s i z e  of t h e  i g n i t i o n  source,  t h e  f u e l  a r r a y  and i t s  burning charac te r-  

i s t i cs ,  etc. References [ 4 ]  and [S] give  examples of t h e  kinds of input  

requ i red  and an assessment of how w e l l  t h e s e  models reproduce r e a l i t y .  

One of t h e  aims of t h i s  e f f o r t  w a s  t o  make t h e s e  models modular i n  form 

such t h a t  each por t ion  which d e s c r i b e s  a d i s t i n c t  phys ica l  phenomenon, 

e .g . ,  flame r a d i a t i o n  o r  turbulence c h a r a c t e r i s t i c s ,  could e a s i l y  be 

replaced as new informat ion becomes known. The models could then 

incorpora te  t h e  b e s t  physics  and chemistry a v a i l a b l e  a t  t h e  t i m e .  

One of t h e  por t ions  o r  submodels of t h e s e  computer codes involves  

t h e  entrainment of a i r  i n t o  t h e  f i r e  plume. Fresh a i r  e n t e r s  t h e  lower 

p o r t i o n  of t h e  enclosure  opening, i s  sucked o r  en t ra ined  i n t o  t h e  f i r e ,  

becomes v i t i a t e d  as t h e  combustion process t akes  place, and is de l ive red  

t o  t h e  upper por t ion  of t h e  room above t h e  thermal d i s c o n t i n u i t y  (hor i-  

z o n t a l  l a y e r  s e p a r a t i n g  t h e  cool  f r e s h  a i r  from t h e  hot  combustion 

products) .  

door. The f i r e  i s  thus  thought of as a pump. Its c h a r a c t e r i z a t i o n  is  

coupled t o  t h e  h y d r o s t a t i c  equat ions  desc r ib ing  t h e  flow through t h e  

opening v i a  t h e  he igh t  of t h e  thermal d i s c o n t i n u i t y .  

From t h e r e  t h e  products flow ou t  t h e  top p o r t i o n  of t h e  

T o  d e s c r i b e  f i r e  c o r r e c t l y  an a c c u r a t e  knowledge of t h e  a i r  and 

gas  flow through t h e  enclosure  is  cr i t ica l .  

doorway flow has  a l ready  been demonstrated t o  be q u i t e  adequate [ 6 ] .  

The f i r e  entrainment por t ion  however appears t o  be conceptual ly  weak 

s i n c e  i t  involves ,  f o r  t h e  most p a r t ,  formulat ions  based on po in t  source  

plume theory which should not  be expected t o  hold i n  t h e  a c c e l e r a t i n g  

region near  t h e  base  of t h e  flames. 

The h y d r o s t a t i c  model f o r  

The p resen t  work i s  an a t t e m p t  t o  

phenomenological express ion w a s  sought 
2 
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as a f u n c t i o n  of t h e  f i r e  s i z e  and t h e  he igh t  above t h e  

This  w a s  accomplished us ing  t h e  r e s u l t s  of two separate 

burning sur face .  

measurement 

techniques .  Di f fe rences  found i n  t h e  two measurements w e r e  reconci led 

by t h e  use  of an a d d i t i o n a l  independent observat ion,  namely, a measure 

of t h e  r a d i a t i v e  f r a c t i o n  of t h e s e  flames. The r e s u l t s  are a p p l i c a b l e  

t o  a f i r e  i n  t h e  open, which i s  one t h a t  is  no t  impeded o r  o therwise  

inf luenced by any e f f e c t s  due t o  t h e  presence of an enclosure .  The 

e f f e c t s  of t h e  enc losure  on t h e s e  r e s u l t s  must s t i l l  be  considered.  

2. Analysis  

Assuming c y c l i n d r i c a l  symmetry wi th  a x i a l  coord ina te  z and r a d i a l  

coord ina te  x t h e  s t a t i o n a r y  v a l u e  of t h e  mass flow rate ,  m(z), and 

convected energy f l u x ,  H(z) a t  any he igh t  z are 

pvAT C 21~xdx 
P 

H(z)  = 

0 

where p,  v and AT are t h e  t i m e  varying dens i t y ,  v e r t i c a l  v e l o c i t y  and 

temperature r ise above ambient. It i s  usua l  now t o  assume t h a t  

- --  - _ - -  
( i )  pv = p - v  and ~ V A T  = ~ - ~ O A T  

(See t h e  Appendix f o r  a d i scuss ion  of t h e  e f f e c t  of neg lec t ing  

t u r b u l e n t  t r an spo r t .  Above t h e  flame region (AT+-0) neg lec t  of 

tu rbu lence  w i l l  l e a d  t o  underes t imates  of t h e  f l u x  whi le  i n  t h e  

flame t h e  e r r o r s  appear t o  be i n  t h e  oppos i te  d i r e c t i o n . )  

3 



( i i )  The gas  i s  i d e a l  wi th  no composition changes 

( i i i )  The t r a n s v e r s e  v e l o c i t y  and temperature rise p r o f i l e s  may be 

represented by Gaussian d i s t r i b u t i o n s  

where 0 i s  t h e  r a d i a l  d i s t a n c e  a t  which t h e  v a r i a b l e  f a l l s  t o  l / e  of i t s  

c e n t e r l i n e  value.  Defining A = 0 /CT T v '  
y i e l d s  

s u b s t i t u t i o n  i n  (1) and (2 )  

where y = exp [-(tr] and t he  s u b s c r i p t  o denotes ambient condi t ions .  

Then 

and 

where C has  been assumed constant .  Comparing wi th  eq. ( 4 )  f o r  t h e  

t o t a l  mass 
P 

4 



where l? (AT/To) ,  a function of the centerline temperature rise, depends h 

only upon the transverse variation of temperature, CJ T' 

Equation ( 4 )  states that the mass flow rate is equal to the ambient 
2 density times the centerline velocity times a representative area, ITCT V' 

modified by r (< 1) which accounts f o r  density decrease due to the fact x -  
that the gases are hotter than the ambient. 

For  various values of >\ eq. ( 3 )  can be integrated analytically. 

Figure 1 shows the variation of r h  with centerline temperature rise f o r  

a variety of assumed o 

the gases are at ambient temperature. For CT + 00, the temperature 

profile is completely horizontal o r  independent of x and equal to the 
centerline value. Neither of these two limits is appropriate for a 

flame. Experiments indicate that A is of order 1, i.e., the temperature 
rise profile is of similar width to the velocity profile. For buoyant 
flames the cross-hatched area shows the range of experimentally deter- 

mined X [l, 21.  Note these have >\ < 1 i.e., the velocity profile is 

wider than the temperature rise profile, a result contrary to the 

classical plume experimental findings of X = 1.16 [7]. 
high above the flame tip where AT -t 0, I' 
the gas consists of entrained ambient air. 
be as high as 3 o r  4 leading to T h  of the order 0.5. 

produce large errors if the ambient density were used throughout. 

or X. The limits are I' = 1 f o r  aT = 0, that is, T 

T 

At large z, 
converges to 1 since most of A 
Near the burner AT/To can 

This would 

2 . 1  Data 

The quantities in the right hand side of eq. ( 4 )  have recently 
been measured by two independent techniques: 

naturally occurring thermal and ionization fluctuations [l], and an 

impact pressure probelsensitive manometer combined with a thermocouple 
for density determination [ Z ] .  The same porous refractory gas burner 
(0.3 m square) chosen to simulate the unwanted fire (a very buoyant 

diffusion flame emanating from an area source) was used by both 

Cross correlation of 
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investigators. 

gas corresponded to the mass burning rates of realistic materials (150 
to 600 kW/m ) .  

scale fluctuating (in time and space) nature of these flames that makes 

measurement very difficult. 

techniques are contained in references [l] and [ Z ] .  

Natural gas was employed as the fuel and the flow of 

2 For these buoyancy dominated systems it is the large 

The complete details of the two experimental 

Based on time-averaged centerline values of V and AT the flame can 
be considered to be divided into three distinct regimes: 
continuous flame region, starting from the surface of the burner with V 
close to zero at the surface and rising with the height above the 

burner, z ,  to the 1/2 power. AT is approximately constant over this 

regime. Higher up is (Z), an intermittent regime, with pulsating flame 
( - 3  Hz) exhibiting approximately constant V and AT falling with z to 

the first power. Still higher is ( 3 )  the plume region which is, .most 

of the time, free of flames with V-z -‘I3 and AT - z -5/3 as predicted 
by conventional plume theory. Throughout the three regimes and indis- 

tinguishable among these is the consistency of the buoyancy relation, 
V/d2gzAT/To which has a value of approximately 0.9. This states that 

throughout these flame systems velocities are derivable from static 

pressure differences due solely to buoyancy created from temperature 
differences generated from the heat release of the combustion process. 

(1) A 

During these studies the scaling for Q, the nominal heat release 

rate or net calorific potential has been determined experimentally as 

have the three regime demarcations. 
from different size fires to a single universal curve. The length 

scale is z/Q2l5, the velocity scale is V/Q1l5, and the temperature 
requires only reference to ambient, AT = T - To. 

The scaling reduces all the data 

The flame regime is 

thus independent of Q. The flame - intermittent intersection is at a 
scaled height of 0.08 m.kW -2/5 and the intermittent - plume intersection 
at 0.20 rn~kw-~’~. 
to correspond to the top of the intermittent regime, which was deter- 
mined by a change in the character of both the velocity and temperature 

From reference [2] the visible flame height is seen 

6 



rise measurements. 

v e l o c i t y  and temperature rise begin  t o  f a l l  as d i c t a t e d  by po in t  source  

plume theory.  The combustion zone i s  thus  over a t  z / Q 2 l 5  corresponding 

t o  t h e  i n t e r m i t t e n t  - plume i n t e r s e c t i o n  o r  v i s i b l e  flame he igh t .  

A t  s c a l e d  z higher  than  t h i s  va lue ,  t h e  c e n t e r l i n e  

Table  I c o n t a i n s  t h e  experimental  c e n t e r l i n e  and r a d i a l  flame 

parameters r equ i red  by eq. ( 4 )  as determined by t h e  two techniques.  

It is  q u i t e  ev iden t  from t a b l e  I t h a t  problems of comparison or 

s i g n i f i c a n t  d i f f e r e n c e s  are going t o  l i e  i n  t h e  t r a n s v e r s e  o r  r a d i a l  

measurement. Axial v e l o c i t i e s  are wi th in  4% of each o t h e r  and tempera- 

t u r e  rise measurements f a l l  wi th in  10%. Note t h a t  10% is  no t  a c r i t i c a l  
amount s i n c e  c e n t e r l i n e  temperature e n t e r s  eq. ( 4 )  only  through T h o  For 

p resen t  purposes t h e  c e n t e r l i n e  measurements are v i r t u a l l y  t h e  same. 

However, s i g n i f i c a n t  d i f f e r e n c e s  do e x i s t  i n  t h e  r a d i a l  measurement and 

t h e  mass flow rate i s  a func t ion  of CI t o  t h e  second power thus  ampli- 

f y i n g  d i f f e r e n c e s  i n  t h a t  measurement. 

are a leas t- squares  f i t  of considerably  s c a t t e r e d  da ta .  

and may b e  pure ly  s p e c u l a t i v e  t o  t r y  t o  a c c u r a t e l y  assess t h e  experi-  

mental  e r r o r s  i n  t h e  two techniques f o r  those  r a d i a l  measurements. Near 

t h e  c e n t e r l i n e  v e l o c i t i e s  have a somewhat p r e f e r r e d  d i r e c t i o n .  However, 

as one moves away from t h e  c e n t e r l i n e ,  i n  t h e  "wings," ver t ica l  compo- 

n e n t s  of v e l o c i t y  are approaching zero,  and temperatures are approaching 

ambient. 

magnitude as t h e  v e r t i c a l  components due t o  mixing r e s u l t i n g  from t h e  

l a r g e  scale, coherent  eddy motion c h a r a c t e r i s t i c  of t h e s e  systems. Any 

inaccurac ies  due t o  inheren t  wavering o r  meandering of t h e  f i r e  would 

a l s o  be  p resen t  i n  both  measurements. 

V 

Note t h a t  ov and X i n  t h e  t a b l e  

It i s  d i f f i c u l t  

Hor izonta l  components of v e l o c i t y  are t h e  same order  of 

The most l i k e l y  experimental  e r r o r  common t o  both  techniques 

r e s u l t s  from t h e  assumption t h a t  t h e  v e l o c i t y  measured i s  only t h a t  of 

the  v e r t i c a l  component. I n  f l o w s  wi th  s t r o n g  r e c i r c u l a t i o n  t h e  yaw 

i n s e n s i t i v i t y  of t h e  p ressure  probe and t h e  p o s s i b i l i t y  of broad f r o n t s  

of informat ion h igh ly  c o r r e l a t e d  a t  r i g h t  angles  t o  t h e i r  d i r e c t i o n  of 
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f low, i .e.,  flame f r o n t s ,  pass ing t h e  sensors  a t  a n  ob l ique  ang le  t o  t h e  

v e r t i c a l  would produce overes t imates  of v e l o c i t y .  This e f f e c t  i s  l i k e l y  

t o  be  g r e a t e s t  i n  t h e  wings. It i s  clear t h a t  al though t h e  two tech- 

n iques  d i f f e r  i n  t h e i r  measurements of plume spread they both  tend t o  

g i v e  an  overes t imate  of t o t a l  h e a t  f l u x  based on mean flux balance.  

Terai and Nit ta  a l s o  repor ted  similar d i f f i c u l t i e s  [ 8 ] .  What i s  

needed is  an a d d i t i o n a l  method of ob ta in ing  t h e  r a d i a l  information which 

would complement t h e  above r e s u l t s  and n o t  be  s u b j e c t  t o  t h e  same inac-  

c u r a c i e s  of those  measurements. One such idea  involves  t h e  convective 

h e a t  f l u x  of t h e  f i r e  and u t i l i z e s  an a d d i t i o n a l  measurement of t h e  

t o t a l  r a d i a t i v e  power output  of t h e  f i r e .  

2 . 2  Rad ia t ive  Power Output 

Assuming complete combustion, t h e  va lue  of t h e  convective h e a t  

f l u x  a t  t h e  intermittent- plume i n t e r s e c t i o n  w i l l  be  equal  t o  t h e  energy 

suppl ied  t o  t h e  burner ,  Q,  minus what i s  r a d i a t e d  away over t h e  combus- 

t i o n  reg ion  from t h e  base  of t h e  burner up t o  t h e  v i s i b l e  flame t i p  o r  

intermittent- plume i n t e r s e c t i o n .  I f  t h i s  r a d i a t i v e  f r a c t i o n  is  known 

from an  a d d i t i o n a l  independent measurement, then eq. ( 5 )  can be solved 

e x p l i c i t l y  f o r  CI 
V. 

L e t  u s  d e f i n e  x, t h e  r a d i a t i v e  f r a c t i o n ,  as t h e  t o t a l  r a d i a t i v e  

power ou tpu t  of t h e  f i r e  d iv ided by t h e  t o t a l  h e a t  release rate,  Q.  

(Q  = -t Q r a d i a t i v e  ) 

- = 1 - x  H 
Q (7 )  

S u b s t i t u t i n g  t h i s  express ion i n t o  eq. (5) and eva lua t ing  a l l  t h e  

q u a n t i t i e s  i n  t h e  plume region y i e l d s  t h e  r a d i a l  width a t  t h e  flame t i p :  

9 



a l l  evaluated  a t  z '  = z / Q " ~  = 0.2 m*kW- 2/5  from t a b l e  I and f i g u r e  1. 

It is  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  x independent of Q ,  t h e  proper 

t r a n s v e r s e  scale i s  Q 2 j 5  which is  t h e  same as t h a t  determined f o r  t h e  

l o n g i t u d i n a l  scale [2]. Markstein [ 9 ]  i n  f a c t  has  demonstrated t h e  

consis tency of x over a n  extremely wide range of Q f o r  propane. Unfor- 

t u n a t e l y  t h e s e  r e s u l t s  were f o r  very  l a r g e  v e l o c i t y  flames i s s u i n g  from 

small nozzles.  

dominating, t h e  processes  are n o t  w e l l  understood, and t h e  burning rate 

pe r  u n i t  area and x t u r n  ou t  t o  be inc reas ing  func t ions  of source  area 

f o r  a given f u e l  [ l o ] .  S i m i l a r l y  f o r  a f i x e d  source  area d i f f e r e n t  

materials w i l l  e x h i b i t  d i f f e r e n t  r a d i a t i v e  c h a r a c t e r i s t i c s  r e s u l t i n g  i n  

d i f f e r e n t  burning rates per  u n i t  area and d i f f e r e n t  x a  
f u e l  i n  t h i s  case was simulated by varying gas f low rates, Q ,  t o  t h e  

burner  a 

For t h e  moderate-sized o r  developing f i r e  buoyancy i s  

The e f f e c t  of 

The r a d i a t i v e  f r a c t i o n  of t h e  present  flame system has been 

r e c e n t l y  measured i n  a manner similar t o  t h a t  recommended by Modak [11]a 

F igure  2 shows t h e  r a d i a t i v e  f r a c t i o n ,  x, as a func t ion  of t h e  hea t  

release ra te  [12] f o r  t h i s  burner.  The asymptotic behavior of constant  

x can be seen a t  t h e  h igher  flow rates. The curve des ignated  HNG f o r  

" h i s t o r i c "  n a t u r a l  gas w i l l  be  used i n  subsequent c a l c u l a t i o n s .  This  

gas  most c l o s e l y  resembles t h e  gas  used f o r  t h e  measurements i n  deter-  

mining t h e  g ross  f e a t u r e s  of t h e s e  flames. Using n a t u r a l  gas f o r  t h e s e  

systems Zukoski [13] f i n d s  x t o  be about 25% based on a method of 

c o l l e c t i n g  t h e  exhaust  gases i n  a hood. 

A crude check of f i g u r e  2 can be  made by applying those  r e s u l t s  

wi th  t h e  ind iv idua l  d a t a  (be fo re  s c a l i n g )  of McCaffrey [2]  where Q 

v a r i e d  from 14 t o  58 kW. The r a d i a t i v e  components can be sub t rac ted  

ou t  of t h e  t o t a l  Q and t h e  a x i a l  parameters i n  t h e  plume region ( t h e  

only  regime where o t h e r  d a t a  e x i s t )  can be  determined and compared wi th  

10 



l i t e r a t u r e  values .  The weighted averages  o f  t h e  c e n t e r l i n e  r e s u l t s  

become: 

213 -5/3 
Fo 

9 . 1  

= 3.9 v 
1/ 3z-1/3 

FO 

( 9 )  

Q(1 - X) where F = _g 
0 oCpTo 

This  r e s u l t  i s  i d e n t i c a l  t o  Yokoi's [ 1 4 ]  r e s u l t s  f o r  a po in t  source 

system wi th  n e g l i g i b l e  r a d i a t i o n .  

Although from f i g u r e  2 t h e  dependence of t h e  r a d i a t i v e  f r a c t i o n  

upon t o t a l  h e a t  releaq* appears s i g n i f i c a n t ,  t h e  square  r o o t  dependence 

of x i n  eq. (8) t e n t -  L~ diminish t h i s  e f f e c t  on (sv except  f o r  small 

f i r e s .  The asymptotic s c a l i n g ,  i .e . ,  (s - Q 2 l 5  t h e r e f o r e  can be  used 
V 

f o r  c a l c u l a t i n g  purposes provided i t  i s  no t  ex t rapo la ted  t o  f i r e s  wi th  

r a t i o s  of flame he igh t  t o  f i r e  base  diameter  s m a l l ,  i .e . ,  L/D + 0. 

Note t h e  g e n e r a l i t y  of eq. (8) f o r  o t h e r  f u e l s  wi th  very d i f f e r e n t  

r a d i a t i v e  c h a r a c t e r i s t i c s  must y e t  be  demonstrated. The (1 - x )  
eq. ( 8 )  w i l l  be  replaced by ( e  - x ) l l 2  f o r  systems wi th  combustion 

112  in 

e f f i c i e n c i e s ,  e, s i g n f i c a n t l y  less than 1. Using t h e  asymptotic 

scaling.,  

w i l l  s impl i fy  t h e  problem a g r e a t  d e a l  s i n c e  Q w i l l  become a n a t u r a l  

s c a l i n g  parameter f o r  m(z), H ( z ) ,  etc.  ( s e e  re fe rence  [l]) toge the r  wi th  

11 



z/Q2l5 f o r  s c a l e d  he igh t .  Note t h a t  a def ined i n  (11) is  6ae /5  where 

a i s  t h e  normal entrainment c o e f f i c i e n t  from plume theory.  e 

2 . 3  Non-Dissipative Plume 

S u b s t i t u t i n g  eq. (11) i n t o  eq. (8) w i l l  y i e l d  an  express ion 

con ta in ing  t h r e e  unknowns: 

f o r  which t h e  experimental  r e s u l t s  are i n  g r e a t e s t  disagreement. It is  

presumed t h a t  t h e  c e n t e r l i n e  r e s u l t s  A and B are known w e l l  enough from 

t h e  measurements as i s  t h e  r a d i a t i v e  € rac t ion ,  x. 
only  t h a t  t h e  va lue  of - i s  1 - x a t  t h e  flame t i p .  

about t h e  behavior i n  t h e  plume region.  

a, 6, and A - t h e  t h r e e  r a d i a l  parameters 

Equation (8) states 

It says  nothing 

. I f  r a d i a t i o n  from t h e  burn t  

H 
Q 

gases  i n  t h e  plume i s  n e g l i g i b l e  compared wi th  t h e  r a d i a t i o n  from t h e  

flame then H/Q w i l l  remain a t  t h e  va lue  determined a t  t h e  flame t i p .  

Rad ia t ive  c a l c u l a t i o n s  based on es t imated CO and H20 concentra t ions  

(and no soot)  i n  t h e  plume indeed s u b s t a n t i a t e  t h i s  assumption. 

t h e r e  are no o t h e r  s i g n i f i c a n t  d i s s i p a t i v e  mechanisms i n  t h e  plume, H/Q, 

f o r  p r a c t i c a l  purposes, remains constant  t h e r e  and one can o b t a i n  an 
a d d i t i o n a l  r e l a t i o n  among t h e  v a r i a b l e s .  That r e l a t i o n  is - dH dz = 0 i n  t h e  

plume. 

number as w i l l  t h e  combustion e f f i c i e n c y  change as noted previously .  

2 
Since  

For sooty  flames zero w i l l  be replaced by a small nega t ive  

Taking t h e  d e r i v a t i v e  of eq. ( 5 )  i n  t h e  plume region and s e t t i n g  

i t  equal  t o  zero y i e l d s  a r e l a t i o n  f o r  B/a i n  terms of A :  

f3 - = z '  
c1 

2 
IC + A  x 

2 ~ ~ 1 5  - A 

where 

K = (1 - rA)/[(AT/To + 1 ) - l  - FA] A 
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Note fo r  t h e  t h r e e  I' f u n c t i o n s  ( ignor ing  X = m) i n  f i g u r e  1 i t  
A 

can be  shown t h a t  

- z - =  3 
A T / T ~  1 + 1 ) . x2 5 dz 

Having now two express ions  f o r  t h e  t h r e e  unknowns, a and f3 can be  

solved f o r  i n  terms of X and compared wi th  t h e  experimental  r e s u l t s  of 

t a b l e  I. E x p l i c i t l y ,  ci and f3 become: 

where 

r; I 1 - v  

-215 and L i s  t h e  flame leng th ,  z '  = 0.2  m kW . 

3 .  Resul t s  

F igure  3 shows t h e  r e s u l t  of p l o t t i n g  eqs.  (13) and ( 1 4 )  as a 

f u n c t i o n  of A .  The d a t a  p o i n t s  are t h e  r e s u l t s  of t h e  experiments. 

Also shown are r e s u l t s  from t h e  l i t e r a t u r e  i n  non-combusting plumes. 

Note t h e  l i t e r a t u r e  r e s u l t s  wi th  f3 = 0 a r e  f o r  experiments wi th  po in t  

h e a t  sources  o r ,  t h e  measurements were made so  f a r  from the  source  t h a t  

t h e  e f f e c t  of t h e  source  s i z e  i s  l o s t .  From f i g u r e  3 it  would seem 

t h a t  t h e  preponderance of evidence p o i n t s  t o  a X < 1 cont ra ry  t o  t he  

c l a s s i c a l  r e s u l t  of A = 1.16.  
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Note t h e  a/M p o r t i o n  of f i g u r e  3 could have been der ived from 

p o i n t  source  plume theory  r e s u l t s ,  eqs. (9)  and (10).  L e t t i n g  
(-J = -  a z and v 5 e  

- 
1 + 1 / A  

i - r h -  

S u b s t i t u t i n g  i n t o  eq. (6) y i e l d s ,  

-- 2 2 A B a e  

Q 1 + 1/A2 

i n  t h e  plume l i m i t :  

where 

plume theory  form (Eqs. (9) and ( l o ) ) ,  Now, l e t t i n g  - +  1 t h e  r e q u i s i t e  

r e l a t i o n  between a and A i s  obtained.  However, t h i s  a n a l y s i s  w i l l  y i e l d  

no information about t h e  a l l  important  i n t e r c e p t ,  6. 

and ‘iT are t h e  dimensionless,  c e n t e r l i n e  experimental  r e s u l t s  i n  
H 
Q 

For t h e  p resen t  measurements t h e  s lopes  (a) appear t o  behave l i k e  

t h e  c a l c u l a t e d  r e s u l t  exceedingly w e l l .  The i n t e r c e p t s  (p), on t h e  

o t h e r  hand, are too  wide by a f a c t o r  of two! I n  f a c t ,  t h e  ca lcu la ted  6 

hard ly  v a r i e s  wi th  A a t  a l l  i n d i c a t i n g  t h a t  f o r  a hea t  ba lance  and a 

2/5)1/6, a constant .  The zero  non- diss ipat ive  plume - -. 55(m-kW- 

i n t e r c e p t  o r  t r a n s v e r s e  ex ten t  a t  the  burner s u r f a c e  appears t o  c o n t r o l  

t h e  phenomena. 

c o r r e c t  then both  t h e  c r o s s  c o r r e l a t i o n  and p ressure  probe measurements 

are following some p a r t i c u l a r  f e a t u r e  of t h e  flame s i n c e  t h e  measured 

s l o p e s  fo l low t h e  c a l c u l a t i o n .  That f e a t u r e  is  obviously no t  t h e  l / e  

p o i n t  of t h e  v e l o c i t y  p r o f i l e ,  s i n c e  t h a t  would r e q u i r e  the  measured 

and a n a l y t i c a l  6 t o  be  t h e  same. 

i n  t h e  wings which i s  t i m e  averaged somehow tends  t o  broaden t h e  ind i-  

c a t e d  p r o f i l e .  However, t h e  d i s t o r t i o n  is conserved throughout t h e  

l e n g t h  of t h e  flame s i n c e  t h e  s lopes  appear t o  be  c o r r e c t .  

t h e  reason,  f i g u r e  3 can be used as a framework f o r  choosing reasonable 

Ei 
M 

I f  a l l  t h e  assumptions made i n  t h e  above a n a l y s i s  are 

Perhaps t h e  l a r g e  scale eddy motion 

Whatever 
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r a d i a l  parameters c o n s i s t e n t  w i t h  t h e  experimental  r e s u l t s .  

doing t h a t  i t  might be  i n s t r u c t i v e  t o  look a t  a graph of t h e  a c t u a l  d a t a  

from t a b l e  I. 

Before 

Figure  4 shows t h e  thermal p r o f i l e ,  o , / Q ~ ' ~  f o r  both  sets of flame 

and i n t e r m i t t e n t  d a t a  p l o t t e d  a g a i n s t  he igh t  along wi th  a leas t- squares  

f i t .  Within t h e  scatter no s i g n i f i c a n t  d i f f e r e n c e  e x i s t s  between t h e  

two measurements which i s  n o t  s u r p r i s i n g  s i n c e  thermocouples, a l b e i t  of 

d i f f e r e n t  s i z e s ,  were used f o r  both d a t a  sets. 

are least  squares  f i t s  t o  t h e  v e l o c i t y  p r o f i l e  d a t a  ( re fe rence  [2]  d a t a  

are presented i n  t h e  form of eq. (11) ) .  

measuring techniques  (and i n  X seen i n  t a b l e  I) are now c l e a r l y  evident .  

Also shown on f i g u r e  4 

The d i f f e r e n c e s  i n  t h e  two 

T h e , c o n s t r a i n t s  of f i g u r e  3 as a func t ion  of X can be sketched onto 

f i g u r e  4 f o r  comparison. 

f i g u r e  1 a t  z'  = 0.2. A t  z' = 0 one c r o s s  is  shown s i n c e  B i s  essen- 

t i a l l y  cons tan t ,  independent of X. Note t h e  c o n s t r a i n t s  a t  t h e  flame 

t i p  can be der ived d i r e c t l y  from t h e  energy cons idera t ion  a lone,  L e . ,  

eq. (8) - -+ 1 - x. Wheieas, i n  o rder  t o  o b t a i n  t h e  c o n s t r a i n t s  a t  t h e  Q 
i n t e r c e p t ,  eq. (12) ,  i.e., - +  0 i n  t h e  plume, must be incorporated 

i n t o  t h e  a n a l y s i s .  

They are shown by c r o s s e s  f o r  t h e  t h r e e  X of 

H 

dH 
d z  

To cont inue t h e  a n a l y s i s  i t  now becomes a matter of choosing a X 
c o n s i s t e n t  wi th  t h e  measurements and eqs.  (8) and (12) .  Since both 

measured a ' s  seen on f i g u r e  3 appear t o  be c o n s i s t e n t  wi th  t h e  energy 

c o n s t r a i n t  ( l i n e )  t a k i n g  t h e  mean of t h e  measured X seems reasonable.  

That w i l l  r e s u l t  i n  X = 0.77 o r  1 /1 .3  which is  very c l o s e  t o  t h e  r e c e n t  

measurements of Nakagome and H i r a t a  [15] f o r  a purely  thermal plume. 

Note t h e  d i f f e r e n c e  between t h e  mean and e i t h e r  measured A w i l l  produce 

a change i n  s l o p e  of t h e  CT curves of f i g u r e  4 which i s  small compared 

wi th  t h e  s h i f t s  produced by t h e  energy c o n s t r a i n t s  r e f l e c t e d  i n  B .  

That new p o s i t i o n  w i l l  be  a l i n e  connecting t h e  c ro s s  marks a t  z '  = 0 

and z '  = 0.2. 

probe ins t rumenta t ion  systems are responding c o n s i s t e n t l y  bu t  t o  d i f -  

f e r e n t  f e a t u r e s  o f  t h e  l a r g e  s c a l e  eddy motion i n  t h e  wings of t h e  

V 

It can be  assumed t h a t  t h e  c ross- cor re la t ion  and pressure  
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flame. Note the time-averaged temperature results will be shifted a 

similar amount reflecting the same distortion seen by the other 

instruments. 

Choosing A = 1/1.3 will result in the following (from lines on 

figure 3) with x = 0.26: 

0 
- -  V - 0.128- Z + 0.011 [m kWm2l5] 
Q2/5 Q2/5 

Using the asymptotic scaling for 0 eq. (4) becomes: 
V 

where A and n and AT are the centerline average velocity and temperature 
rise results from table I and l’ is determined from figure 1 at 

A 
A = 1/1.3. 

Figure 5 is a plot of eq. (4a) for m/Q versus normalized height, 

At z / Q ~ / ~ .  Also shown on the figure is H/Q calculated from eq. (6). 
the flame tip m/Q 

corresponds to approximately 350 kg/s of air per kg/s of CH 

the flame entrains approximately 20 times the stoichiometric air mass 
requirement (17.2) up to the end of the combustion region. This number 
is about 30% higher than the equivalence ratio of 0.067 - + 10% measured 
by Zukoski [13] using the hood collection technique (1/0.067 = 14.9). 
In order to fit his combustion plume model to a large quantity of flame 

height data Steward [16] found that only 400% excess air was entrained 

up to the flame tip. At the end of the continuous flame region, 
z / Q 2 j 5  = 0.08 m*kW-2’5, the flame has entrained 90 times the methane 

flow or about 5 times the stoichiometric requirements. Mixing by the 
large-scale eddy motion would therefore appear to be the dominant 
controlling mechanism as opposed to any chemical effects. Note that 

0.007 kg/s / kW which for CH4 (50,000 kW / kg/s) 
Therefore 4’ 
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m / Q ,  H/Q as w e l l  as the scaled height, z / Q  2/5 are based on the total 

or net calorific potential heat release rate, Q ,  and not on H, the 
convective component. 

H/Q rises rapidly to a value of approximately 0.4 at the 
flame-intermittent intersection and gradually rises to 0.74 at the 
intermittent-plume intersection. 

radiative fraction which has been used to set the constants in the 

width function, cs . 

This number is simply 1 minus the 

V 

Also plotted on figure 5 are the point source plume theory results 

of Yokoi [14] shown by the dashed lines. At the flame tip the mass 
flow rate predicted by plume theory is about 40% less than the present 
flame results. 

down tracer technique due to Thomas %&. [17] which agree quite well 

with the present results in the continuous flame region after which the 
shape deviates from both the present and plume results. 

Also shown on figure 5 are measurements using a thistle- 

A good representation of eq. (4a) for calculating purposes in S . I .  

units is the following: 

(15) 
2/5  1.3 m/Q = 0.053 (z/Q 

valid up to the flame tip. It would be inappropriate to extend this 

result much beyond the flame tip since the radial data from table I are 
for the two lower regimes. In the plume region the point source results 
of Yokoi [14] (m/Q = 0.063 z' 5 / 3 )  should begin to become valid, bearing 

in mind the turbulence contribution discussed in the Appendix. More 
recent analytical characterization [18] using momentum constraints in 

the lower regimes as well as the plume energy considerations discussed 

here leads to an expression for mass flow rate not very different from 

eq. (15) in the upper portion of the flame. Near the burner the results 
are somewhat different in that the mass flow rate and especially the 

heat flux rises more rapidly with height than do the present results. 
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A Note on Scal ing:  

Contrary t o  normal p r a c t i c e  t h e  v a r i a b l e s  p l o t t e d  i n  t h e  f i g u r e s  

have, i n  genera l ,  not  been made dimensionless.  The reason f o r  t h i s  i s  

t o  emphasize t h e  f a c t  t h a t  no s a t i s f a c t o r y  s c a l i n g  of buoyant d i f f u s i o n  

f lames has y e t  been r e a l i z e d .  Note t h a t  Q115 f o r  v e l o c i t y  and Q215 f o r  

l eng th  are experimental  r e s u l t s .  Froude model s c a l i n g ,  expected t o  be 

v a l i d  i n  t h e  plume, u t i l i z e s  t h e  fol lowing scales, a func t ion  of burner  

o r  f i r e  base  diameter ,  D: 

1 - D  V - @  Q - p T C  D2 (AT - To> 
O O P  

When t h e  Froude number i s  "high" enough such t h a t  L/D -(Q/D 5/2)2/5 and 

x = cons tant  [12] one would expect t h i s  s c a l i n g  t o  be v a l i d  (note  f o r  - 

D-Q2/5 Froude s c a l i n g  would be c o n s i s t e n t  wi th  t h e  p resen t  measure- 

ments). However, f o r  l a r g e  enough f i r e s  (L/D + 0 ) ,  those  below t h e  

c r i t i c a l  Froude No., flame he igh t s  and t h e  r a d i a t i v e  f r a c t i o n  become 

func t ions  of both h e a t  release rate and base  diameter.  H a s e m i  [19] has 

r e c e n t l y  proposed a cons tant  eddy d i f f u s i v i t y  model u t i l i z i n g  t h e  

Boussinesq approximation i n  which t h e  fol lowing scales, as a func t ion  

of hea t  release rate, Q,  were derived:  

au 
ax 

where K i s  t h e  tu rbu len t  t r a n s f e r  c o e f f i c i e n t ,  U ' V '  = - K - and 

U'T '  = -K - . H e  shows t h a t  f o r  K = kQ3l5 where k i s  cons tant ,  t h e  ax 
model w i l l  no t  only reproduce t h e  experimental ly determined scales 1 / 5  

and 2/5, but  a l s o ,  w i l l  reproduce the  d e t a i l e d  behavior of t h e  in t e rmi t-  

t e n t  regime extremely w e l l .  At t h e  lower end of t h e  i n t e r m i t t e n t  regime 

near  the continuous flame region  where dens i ty  d i f f e r e n c e s  become l a r g e  

t h e  a n a l y s i s ,  as expected, becomes weaker. 

. .  
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4 .  Summary and Conclusion 

Expressions f o r  mass and convect ive  energy f l u x  of buoyant 

d i f f u s i o n  f lames from area sources  have been obta ined by an a n a l y s i s  

us ing  e x i s t i n g  mean c e n t e r l i n e  v e l o c i t y  and temperature r ise d a t a  from 

two d i f f e r e n t  techniques.  The method i s  based on a h e a t  ba lance  

assuming n e g l i g i b l e  t u r b u l e n t  t r a n s p o r t  and a non- diss ipat ive  plume and 

u t i l i z e s  an  independent e s t ima t ion  of t o t a l  r a d i a t i v e  power output .  

B a s i c a l l y  t h e  width of t h e  v e l o c i t y  p r o f i l e  is f i x e d  by t h e  balance  of 

t o t a l  hea t  release minus t h e  r a d i a t i v e  f r a c t i o n  a t  t h e  flame t i p  

toge the r  wi th  t h e  assumption of n e g l i g i b l e  r a d i a t i v e  f l u x  from t h e  

plume. On t h i s  b a s i s  t h e  r e s u l t s  i n d i c a t e  t h a t  both  experimental  tech-  

niques  f o r  measuring v e l o c i t y  overes t imate  t h e  width of t h e  f i r e  plume 

by a cons ide rab le  amount, poss ib ly  due t o  e r r o r s  r e s u l t i n g  from t i m e  

averaging of t h e  l a rge- sca le  coherent  s t r u c t u r e  i n  t h e  wings. Hori- 

z o n t a l  o r  inf low v e l o c i t y  components cannot be d iscr iminated  a g a i n s t  by 

e i t h e r  experimental  technique and hence e r r o r s  could r e s u l t  when t h e  

s i g n a l  ou tpu t  is assumed 20 be  simply t h e  v e r t i c a l  component. 

Although t h e  p resen t  r e s u l t s  are considerably  h igher  than po in t  

source  plume theory,  f u r t h e r  disagreements between measurements and 

plume theory  c a l c u l a t i o n s  noted i n  t h e  l i t e r a t u r e  are poss ib ly  due t o  

inc reased  entrainment brought upon by d i s tu rbances  t o  t h e  f r e e  burn 

behavior,  f o r  example, by t h e  door j e t  when t h e  f i r e  is  loca ted  i n  an 

enclosure .  Pre l iminary  estimates of t h i s  e f f e c t  are being pursued by 

Zukoski [ 1 3 ] .  
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Appendix A. Turbulent  Transpor t  

It i s  i n s t r u c t i v e  t o  examine t h e  assumption t h a t  t h e  t u r b u l e n t  

t r a n s p o r t  of h e a t  and mass can be ignored. I f  p re s su re  f l u c t u a t i o n s  

are assumed t o  b e  small then i t  i s  p o s s i b l e  t o  show t h a t  

03 

= pm.; 
0 

_I_ 

+ .i( 5) - Y(%)+ V*AT 

and 

r-, 

2 V ' T v 2  (z 

where t h e  usua l  Reynolds decomposition of V,  p and AT have been used. 

1 
Y =  

TO 1 + -  
AT 

i s  t h e  d e n s i t y  based on t h e  mean temperature - - poTo 

p m  AT + To 

- 
- POTO - P ' T '  

n o t  t h e  t r u e  mean d e n s i t y  which i s  p = - 
AT + To 

Only t h e  f i r s t  t e r m  i n  eq. (A-2) has  been used t o  assess t o t a l  hea t  

f l u x .  In spec t ion  of t h e  " e x t r a  t e r m s "  i n  these  express ions  shows t h a t  
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both over and underestimates are possible if the first term alone is 

used. 

For small AT (y -t 0) the V'T' term dominates leading to an 

underestimate of total heat flux. The data of Kotsovinos and List [ 2 0 ]  

and of George -- et al. [ 2 1 ]  support this conclusion. George estimates 

that 85% of the vertical heat transport is carried by the mean flow. 
However, for different temperature levels more complex phenomena may be 

taking place. 
assuming the triple correlation is small: 

For example, for AT = To (say), at the flame tip and 

In a conventional plume George et&. [ 21 ]  measured peak values of 

(T' ) /AT at 0.4 and V'T'/V-AT at 0.07. The transverse distribution 
of these parameters was wider than for V and AT so that "top-hat" 

profiles could be assumed. 

made in fire plumes, recent measurements of ( T ' 2 ) 1 / 2 / E  [22]  indicate 
maxima at the flame tip of between 0.4 to 0.7. Overestimates of total 
flux might then be expected if V'T'/V.AT is less than between .08 to .25. 

So both underestimates,and overestimates based on mean flux are possible 
in different regions of the flame system making the need for time 
resolved measurements critical. 

- - -  2 1 / 2  - 

Although no measurements of V'T' have been 

- --  

For the present any underestimate or overestimate of Q will be 
reflected in M, i.e, 1 - x should be increased or decreased. Hence a 
and (3 will vary by the square root of the change but m(z) and H(z) are 

functions of ci and f3 to the second power. The change will therefore be 
directly reflected in m and H. If for example the lack of accounting 
for turbulence leads to a 
the flame t i p  H should be 
is correct then somewhere 

15% overestimate of H then in figure 5 below 

reduced by 15%. If George's [Zl] contention 
above the flame tip the curves would have to 
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be increased by 15%. 

this decreasing and increasing of the mean result, the mean result will 
overestimate in the flame region, pass through the 'correct value' and 

then begin to underestimate in the plume region and therefore on a 
height-averaged basis yield something close to valid results. 

Assuming there is a smooth transition between 
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